Several temperature field solutions due to bending magnet and undulator x-ray heating are developed and presented in this paper. The Gaussian power distribution is simulated as the bending magnet whereas a Gaussian-parabolic type of power distribution is used for the undulator/wiggler heating. The heating on a two-dimensional plane, three-dimensional block, thin disk, infinite wedge plane, infinite wedge block, and beryllium-copper composite are analyzed. Parametric studies are also included to determine the optimized temperature. 
Introduction
The Advanced Photon Source (APS) is a 7-GeV synchrotron accelerator which will produce a high-powered beam of x-rays. Several components such as crotch absorbers, wedge absorbers, and photon shutters are constantly heated by the beam. In addition, as a result of beam missteering, x-rays might accidentally hit the storage ring and cause thermomechanical instability problems. Therefore, the determination of the temperature field either in steady state or transient state is important. The bending magnet fan can be simulated as a two-dimensional Gaussian type power distribution whereas the undulator/wiggler, the Gaussian-parabolic, or circular Gaussian power depend on the maximum deflection parameter K. Because of the characteristic of these beam power profiles, some analytical temperature solutions are available and have been solved [1, 2, 3] . In this paper, five other analytical solutions are presented and can be used as a parametric studies when they are applied to synchrotron heating problems.
The bending magnet power can be written as [4] IKW1 5.425E4 [GeV] As shown in Fig. 1 .a, the boundary conditions are written as
and = .
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By employing the separation variable method, solution T becomes
where Am = and the maximum temperature can be written s If the Gaussian power is placed at the origin, i.e., , = 0, then it is equilibrium to a rectangular block 2a x b and the power is heating at the center of the width a; thus the coefficients C0 and C yield
which is identical to the results described in [6] . Figure 2 shows the parametric study of a copper block heated by a Gaussian heat flux with b = 4cm, peak heat flux q0 = 26O, standard deviation a = 0.009 cm, and = . By changing the width a and convection h, the maximum temperature on the heating surface ( Fig. 2 .a) reveals that when the convection coefficient is less than the temperature rise is approximately linearly proportional to h as a > 0.3 cm and is independent of the width change. This is because the material has reached its conduction limit due to the highly concentrated beam power. On the other hand, as a < 0.1cm, the temperature increases dramatically and is independent of the convection coefficient. Fig. 2 .b shows the maximum temperature occurs on the water tube (y = t), and the temperature decreases depending on the combination of the thickness and water convection coefficient. This solution is applicable to crotch absorbers, wedge absorbers, end absorbers, photon shutters, and fixed masks. Zmn (7) \&) (
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The temperature is applicable to photon shutters and fixed masks. Note that due to the slow convergence of the double infinity series in Eq. 18, at least 500 terms for each index is required.
4 Infinity Wedge, 0 0 O with Gaussian Power Heating along 0 = 0 with Peak Power at the Apex
The governing equation reads (21) where D = , and the boundary conditions are assumed to be
and (23) The geometry is shown in Fig. 1 .c. The solution can be written in integral form:
where G* is the Green function ( or Influence function, Fundamental solution ) given as [7] (D(t' -t)) I z2 + r2 + r2) 
and the function 14(x) is the scaled modified Bessel function defined by II(x) = exp(-x)I(x). (28) Note that for the semi-infinite plane O = ic, the solution to Eq. (26) can be written as If a Gaussian-Parabolic type of heating power is applied on the infinite wedge (0 r < oo, 0 < 0 < 9, -< z < oc) where the parabolic power profile is along the off-plane direction, then Q in Eq. (21) is rewritten as z2 Q = qoexp (_) (i -(9) (32) and the additional temperature field at instant time t' is
Multiplying Eq. (26) 
[110 (2
The two-dimensional temperature solution in Eq. (26) can be applied to bending magnet beam missteering heating at the wedge of the Aluminum positron chamber whereas the three-dimensional temperature solution in Eq. (34) can be applied to undulator/wiggler beam missteering heating. Figure 3 .a shows the temperature contours of the wedge heated by half of the Gaussian power at 60 seconds when O = q0 = and = 0.16 mm. The Gaussian power is applied along the x axis where the center of the flux is at the origin. The maximum temperature rise shown in the contours is about 66 °C and is not located at the origin. Since the other side of the wedge is not heated and the heat flow can travel along that direction, the temperature at the origin is reduced. Figure 3 .b shows the temperature rise due to different wedge angles Or,. It is found that when t > 0.2 seconds, temperature rise is inversely proportional to the wedge angle. This is because a larger wedge angle indicates a larger area, which diffuses the heat and reduces the temperature more efficiently.
5 Thin Disk, 0 < r < r0, with Axisymmetrical Gaussian Power Heating on One Side and Cooling on the Other Side
As shown in Fig. 1 .d, the disk is so thin that the power flow and convective cooling can be implemented as heat source and sink terms in the heat equation, and the governing equation can be written as [7] 02T loT h q0 / r2\ (35) and the boundary conditions A is the undetermined coefficient, and I is the modified Bessel function ofthe zero kind. u(R) is the particular solution given as [8] pR1
0 T 0 T where 1(r) = 0r2 (41) Substituting Eqs. (40) and (38) into the boundary condition Eq. (36), the coefficient A can be obtained pR01 ,R01
11(R0)A = -10(R0) J -K0(r)f(r)dr + K0(R0)J -10(r)f(r)dr (42) where R0 = r0. Note that the coefficient A is the maximum temperatur: as R ' 0.
The result can be applied to monochromators or Aluminum windows in the linac. For example, if the Al window is 0.05mm thick, it absorbs 1% of the total power, if 0.1 mm thick, then 2 % is absorbed and so forth. For a given distance, the beam size is found to be 5mm in diameter and the total electron power is 500W. The back side of the window is subjected to air cooling. Fig. 4 shows the maximum temperature isotherm verses the window thickness and air convection coefficient. The current design with t = 2 mills, h = gives a maximum temperature rise of 345 °C. As shown in Fig. 1 .e, a beryllium block is heated by a Gaussian-type x-ray and a copper block is joined with the beryllium. Water cooling is supplied on the back of the copper. Since the x-ray is able to transmit into the beryllium material, it is simulated as a heat generation in beryllium. On the other hand, the rest of the power is deposited on the beryllium-copper interface. Therefore, the governing equations become a2T ô2Tc _ The type-B design cylindrical absorber in APS [3], a inch beryllium ring, is brazed on a hollow copper cylinder through which water runs vertically to remove the heat. The area where the bending magnet beam hits at normal incident is the place to be optimized. Since the photon fan strikes horizontally and the circumference of the crotch absorber is much larger than the vertical beam size, the temperature solution in Eq. (46) is applicable to the situation. Figures 5, 6 , and 7 show the parametric studies of the temperature at the beryllium heating surface (point A in Fig. 1.e) , beryllium-copper interface (point B in Fig. 1.e) , and copper tube (point C in Fig. 1.e) temperatures, respectively. The total height is inch, q0 = and c0 = 0.llm at 100 mA. The water convection coefficient is set to 2m and at = 53.02k is chosen [2] . The horizontal axes in the figures indicate the change of the beryllium thickness whereas the vertical axes show total beryllium-copper thickness. In Figure 5 the maximum beryllium surface temperature can be minimized at about 160 °C if 0.075 inch < a (total beryllium-copper thickness) < 0.2 inch and 0.125 inch < ai(beryllium thickness) < 0.25 inch. But as shown in Fig. 6 , the optimized maximum beryllium-copper interface temperature is not found. The lowest temperature occurred when a 0.25 inch and a1 0.2 inch, which is approximately 155 °C. On the other hand, the maximum copper-water interface temperature is almost proportional to the beryllium thickness (Fig. 7) . This analysis, however, provides a state-of-the-art parametric analysis for use in designing beryllium-copper composite absorbers. [3]
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